Gene-poor, repeat-rich regions of the genome are poorly understood and have been understudied 22 due to technical challenges and the misconception that they are degenerating "junk". Yet 23 multiple lines of evidence indicate these regions may be an important source of variation that 24 could drive adaptation and species divergence, particularly through regulation of fertility. The 25 ~40 Mb Y chromosome of Drosophila melanogaster contains only 16 known protein-coding 26 genes and is highly repetitive and entirely heterochromatic. Most of the genes originated from 27 duplication of autosomal genes and have reduced nonsynonymous substitution rates, suggesting 28 functional constraint. We devised a genetic strategy for recovering and retaining stocks with 29 sterile Y-linked mutations and combined it with CRISPR to create mutants with deletions that 30 disrupt three Y-linked genes. Two genes, PRY and FDY, had no previously identified functions. 31
INTRODUCTION 42
Y chromosomes are rapidly evolving and may contribute to the diversification and adaptation of 43 species, yet functional characterization of these regions lags far behind the rest of the genome 44 (Hughes et al. 2010 ; Bachtrog 2013; Hughes and Page 2015; Tobler et al. 2017 ). In Drosophila 45 Thus, although candidate genes corresponding to each fertility factor have been identified (Table  88 S1), functional evidence is needed to definitively link individual genes to the sterility phenotype. 89
Functional evidence suggests that two dynein genes, kl-3 and kl-5, are fertility factors (Ayles et 90 al. 1973 ; Goldstein et al. 1982; Gepner and Hays 1993; Yu et al. 2013) . Four other genes, WDY, 91 kl-2, ORY, and CCY, were predicted to be fertility factors, corresponding to kl-1, kl-2, ks-1, and 92 ks-2, respectively (Carvalho et al. 2000 (Carvalho et al. , 2001 Vibranovski et al. 2008 ), but have not been 93 functionally tested. 94
The remaining seven genes are likely not required for the production of offspring -PRY, for 95 example, is located at the breakpoint of a translocation line that is fertile (Carvalho et al. 2000) . 96
Yet these genes are still expected to contribute, albeit more subtly, to male fertility and/or fitness. 97 This is due to the male-limited inheritance, testis-biased expression (Brown et We targeted roughly 1 kb regions at or near the 5' end of the coding sequence of each gene. Each 134 target region was first amplified in males and females to confirm male-specificity and sequenced 135 to identify any polymorphisms in the Canton-S strain and fill in any sequence gaps. Single guide 136 RNAs (sgRNAs) were designed using 'CRISPR Optimal Target Finder' 137 (http://tools.flycrispr.molbio.wisc.edu/targetFinder/). We aimed to design sgRNAs that were 20 138 nt long, contained at least one 5' G, and had no off-target sites in the Drosophila genome. When 139 possible, we opted for 4 G/Cs in 6 bases adjacent to the PAM site (Ren, 2014) . If the sgRNA 140 only had one 5' G, a second G was added to create an optimal T7 promoter. Our primer and 141 sgRNA sequences are listed in Table S3 . 142 143 We aimed for unique sgRNA sequences, especially in the nucleotides adjacent to the PAM motif, 144 as these are more important for target recognition (Ren 2014). However, due to the sequence 145 similarity of FDY and vig2, we could not find an sgRNA that targeted one gene but not the other. 146 We therefore used sgRNAs that would target both. After six outcrosses (an extra outcross was 147 performed for these mutants) we confirmed that our FDY mutants did not contain any mutations 148 in the homologous vig2 locus. 149 sgRNAs were synthesized as described in Kistler et al. (2015) . Briefly, a DNA template was 150 made by template-free PCR and used in an in vitro transcription reaction (T7 MEGAscript kit, 151
LifeTechnologies AM1334). The RNA was purified on a column (MEGAclear column, 152 LifeTechnologies AM1908) and by sodium acetate precipitation. An injection mix was made 153 with 40 ng/ul sgRNA RNA and 300 ng/ul Cas9 protein (PNA Bio # CP01-50) and injected into 154 embryos from our BDC stock ( Generally, uninjected BDC flies were used as controls (e.g. PRY control), however, for the FDY 160 mutants, we used flies that were injected with Cas9 and sgRNAs but not edited at the FDY or 161 vig2 locus as our controls. The extra Y chromosome was removed from controls and control flies 162 were outcrossed alongside the respective mutant. 163
Fertility Assays 164
To test if a particular genotype (RNAi-expressing or mutant) was sterile, we crossed 15-20 males 165 at three to five days old to five Canton-S virgin females in a vial for one week, then transferred 166 the adults into a new vial for another week. If no progeny were observed in either vial the male 167 was considered sterile. No quantitative assessment was made at this point. Vials with no progeny 168 whose male died within the test period were not counted. 169
For a more quantitative measure of fertility (CRISPR mutants only) we mated three mutant or 170 wild-type males, three to five days old, to single three to four day old Canton-S virgin females. 171
Flies were observed for several hours; females that mated were kept while, females that did not 172 mate and all males were discarded. Females were transferred to a new vial every day for five 173 days and discarded on the fifth day after mating. Fresh active yeast mixed 1:1 with water was 174 provided each day, starting two days before mating. The number of eggs laid (fecundity) and 175 pupae emerging (fertility) from each vial was counted. Hatchability was calculated for each 176 group as mean number of pupae divided by the mean number of eggs laid. We tested three 177 different alleles of each genotype with two independent replicates of each allele. We first 9 confirmed by a Kruskal-Wallis rank sum test that the independent alleles of each genotype were 179 not statistically different. A Wilcoxon rank sum test was then applied to compare total eggs laid 180 and pupae produced over the five days between the mutant and control groups. To detect 181 differences in the variability of fertility or fecundity of the mutant and control groups, we used 182 the Levene Test for homogeneity of variance. 183
Transcript Levels 184
To estimate transcript levels we first extracted RNA from 20-25 adults or pairs of testes using 185 TRIzol. The RNA was treated with DNase (Promega #M6101, RQ1 RNase-Free DNase) and 186 used to synthesize cDNA (Takara #639537, SMARTScribe Reverse Transcriptase). PCR was 187 used to amplify gene-specific sequences and results were analyzed on a 1.5% agarose gel. 188 Transcript levels were estimated by comparing the band intensity of undiluted mutant or RNAi 189 samples to that of a dilution-series from the corresponding control. We controlled for 190 contaminating genomic DNA in each sample by including a cDNA synthesis reaction without 191 reverse transcriptase. Housekeeping gene transcripts (Actin5C or RpL32) were used as standards 192 to test for even loading of cDNA between samples. All primer sequences used are provided in 193 Table S3 . 194
Cytology 195
Fixed spermatocyte squash preparations were made as described in Sitaram et al. (Sitaram et al. 196 2014) . Briefly, testes were dissected from adult males within 24 h of eclosion. They were torn 197 half-way between the coil and anterior tip and squashed under a coverslip. Slides were snap 198 frozen and coverslips were removed. Slides were then immersed in cold ethanol, fixed for 7 min 199 in 4% paraformaldehyde in PBS, washed in 0.1% Triton-X in PBS, and blocked with 1% BSA. 200
Spermatocytes were stained with 0.01 ug/mL phalloidin-TRITC (Sigma-Aldrich, P1951), 201 mounted in Vectashield with DAPI and imaged on a Zeiss 710 confocal microscope. 202
We karyotyped mitotic chromosomes by using the method in Bauerly et al. (Bauerly et al. 2014) . 203
Briefly, we separated male and female wandering third instar larvae and dissected brain 204 complexes in PBS. Brains were incubated in colchicine for 1 h, 0.5% sodium citrate for 6 min, 205 and fixed in 45% acetic acid + 3% paraformaldehyde for 5 min. Brains were then squashed, 206 frozen in liquid nitrogen, mounted in Vectashield with DAPI and imaged on an Olympus 207 fluorescence microscope. 208
Data availability 209
The authors affirm that all data necessary for confirming the conclusions presented in the article 210 are represented fully within the article and supplemental material. Supplemental Figures S1-S6 211 and Supplemental Tables S1-S10 are available through FigShare. The reported mutants are 212 available upon request. 213
214

RESULTS
215
CRISPR strategy for making Y chromosome gene mutants 216
We expected fertility factor genes to be recessive sterile and mutations in any other Y 217 chromosome genes to potentially reduce male fertility (Carvalho et al. 2001 ). To allow recovery 218 of such mutants we needed to create them in either females or in males with an extra Y 219 chromosome. We created a "balanced double compound" (BDC) line where males and females 220 each have a compound sex chromosome (̂ and ̂, respectively) as well as an extra free 221
Canton-S-derived Y chromosome ( Fig. 1A) . Depending on the efficiency of Cas9 cleavage, 222 neither, one or both copies of the Y chromosomes in F0 males might be mutated. Mutation of 223 both Y chromosomes in males may lead to their sterility, but we can retain all Y chromosome 224 mutations arising in F0 female flies. Lesions inherited from F0 females will be passed to F1 225 males that contain an additional wild-type Y chromosome inherited from the ̂ of unperturbed 226 BDC fathers (Fig. 1C ). The compound ̂ chromosome additionally has a w m4 allele to allow for 227 visual screening for loss of the Y chromosome, which would result in a loss of suppression of 228 position effect variegation by the Y. Thus, ̂ females have mostly-white eyes while ̂Y 229 females have mostly-red eyes (Fig. 3A,B ). Both males and females from the BDC line were 230 edited and mutants were recovered ( where there is less selective pressure (Cook et al. 2010b ). To compensate for this we screened 236 through a large number of flies to obtain multiple independent alleles of each gene, thereby 237 increasing confidence in any observed phenotype. Once mutants were obtained the edited Y 238 chromosome was removed from the compound background ( Fig. 1D ). Furthermore, any 239 quantitative fertility tests were completed on at least three mutant alleles and compared with 240 three wild-type alleles. 241
PRY mutants show reduced fertility but are not sterile 242
PRY is Y-linked in both Sophophora and Drosophila groups and therefore moved onto the Y 243 chromosome, where it has been evolving, over 50 million years ago ). This 244 long history of male-limited inheritance and testis-biased expression would suggest a role in 245 male fertility. Yet V24, a fertile translocation line, has a breakpoint in the PRY gene (Carvalho et 246 al. 2000) , suggesting that the PRY gene is not required for male fertility. 247
To more directly test whether PRY plays a quantitative role in male fertility we used CRISPR to 248 create PRY mutants. We targeted 237 bp of exon 2 of PRY, near the beginning of the PKD/REJ 249 Domain 1, the first conserved domain in the protein (Fig. S1A ). We used the BDC line described 250 above to avoid biasing against mutants that might be less fertile than the control. We were able to 251 recover five alleles of PRY including four that were derived from independent F0 flies and four 252 that were frameshifts ( Fig. S1C , Table 2 ). RT-PCR of PRY G54.1 using primers downstream of 253 the guide sites indicates that the RNA transcript is still present despite the frameshift ( Fig.  254 S4A,C). We can therefore rule out mechanisms such as nonsense mediated mRNA decay. We 255 nevertheless expect that deletion or scrambling of ~82% of the coding sequence would result in 256 loss of function. We then removed the compound chromosome background and checked whether 257 XY males carrying PRY mutations were sterile. Most of the males tested produced offspring, so 258 we concluded that PRY was not required for male fertility. This is consistent with the fertility 259 seen for the V24 translocation line. 260
We next chose what we expected to be the three strongest PRY allelesthose with the largest 261 deletion and frameshiftsto test for more subtle effects of the PRY gene on male fertility. To 262 control the genetic background, we first outcrossed the mutant alleles to Canton-S for a total of 5 263 generations ( Fig. 1D ). Because we selected males at each generation, there is no recombination 264 and an 87.5% chance of establishing an entirely wild-type Canton-S background (note: the Y 265 chromosome also originated from Canton-S). For controls, we concurrently outcrossed males 266 from the original BDC stock, and established three independent control lines. Because mutations 267 accumulate rapidly on redundant Y chromosomes (Cook et al. 2010a ), we did not retain the 268 mutants in the compound background. 269
To measure fertility, fecundity and hatchability more quantitatively, we crossed single Canton-S 270 females to mutant or control males. We removed the males after a single mating and maintained 271 the isolated females for five days. We counted the number of eggs laid each day (fecundity) and 272 the number of pupae formed from those eggs one week later (fertility). Results are summarized 273 by allele and replicate in Table S4 . Because the Y chromosome contains so many loci that affect 274 fertility and does not undergo recombination, the fertility effects of a specific mutation can easily 275 be obscured by Y-linked off-target effects from CRISPR or preexisting variation. To rule out 276 such effects we first compared the egg and pupal counts of the independently derived alleles of 277 each genotype by day ( Fig. S5A ,C,E) and cumulatively ( Fig. S6A ,C). To account for the 278 possibility of Y-linked fertility effects unrelated to PRY, we statistically confirmed that the 279 counts were not statistically different among alleles of the same genotype using a Kruskal-Wallis 280 Rank Sum test (Table S6 ). We then statistically tested for differences between the genotypes -281 control and PRYusing a Wilcoxon rank sum test (Table S7 , Fig. 2A ,C,E). 282
A small yet consistent defect was seen in the fecundity of PRY mutants that peaked on Day 3 283 after mating, resulting in significant differences in the cumulative counts. A strong and 284 significant defect was seen in the fertility of PRY mutants on all five days and in the cumulative 285 counts. The defect in egg and pupal counts could be caused by a defect in sperm production 286 levels, ability to transfer sperm to females, ability of sperm to enter storage in the female, or 287 sperm motility (and thereby fertilization ability) in mutants. Follow-up studies will be necessary 288 to further dissect the specific role of PRY in male fertility.
As the youngest gene on the Y chromosome, FDY presents an opportunity for understanding the 291 characteristics that allow a gene to survive on the Y chromosome and for characterizing early 292 changes that occur when a gene adapts to the Y chromosome environment. FDY is part of an 11 293 kb segment that is syntenic and similar in sequence to a segment on the third chromosome. This 294 segment is found on the Y chromosome in Drosophila melanogaster but none of the closely 295 related species, suggesting a duplication event occurred in the melanogaster lineage the past 2.5 296 million years (Carvalho, 2015) . FDY is the only gene that shows evidence of selection in this 297 segment (Carvalho, 2015) , and most of the other protein-coding genes have degenerated. FDY 298 has a 96.5% amino acid sequence identity to its third chromosome paralog, vig2, which 299 presented several challenges for targeting the gene. 300
We designed sgRNAs to target the 5' end of the gene, including the transcription start site ( Fig.  301   S2 ). Due to the high level of sequence similarity, our sgRNAs target both FDY and vig2, but we 302 were careful during outcrossing to recover only wild-type alleles at vig2. By design, our sgRNAs 303 should delete the transcription start site of FDY but not vig2. We again used the compound 304 chromosome strategy to avoid biasing against mutants that might be less fertile. 305
We isolated several independent alleles of FDY. Six of the independently-derived mutants had an 306 identical deletion and upon close inspection of the region we noticed an eight base pair 307 microhomology domain at each of the two sgRNA sites. The common deletion in the six 308 independent lines resulted from repair through binding of these homologous regions (Fig. S2 ). In 309 total we created three distinct independently-derived alleles. All of the alleles eliminate the 310 transcription start site and two disrupt the reading frame (Table 2) . While we cannot be sure that 311 these mutants are null, at least one-third of the coding sequence, including half of a conserved Hyaluronin/mRNA-binding protein domain are deleted in our mutants ( Fig. S2 ). We expect such 313 a perturbation to have strong effects on FDY protein function. 314
FDY is not in one of the regions of the Y previously shown to be required for male fertility, but 315 might have a measurable role in male fertility as PRY did. We crossed our CRISPR mutants to 316
Canton-S to isolate the Y chromosome from the compound chromosome background (Fig. 1D) . 317
As expected, none of the alleles were sterile. We wondered whether there may be some 318 functional redundancy between vig2 and FDY. vig2 has ubiquitous expression, including in the 319 testis, but no reported role in male fertility. The vig2 PL470 mutant contains a PiggyBac insertion in 320 the vig2 gene that eliminates detectable protein (Gracheva et al. 2009) and transcript ( Fig.  321 S4D,E) expression but is viable and not sterile (Gracheva et al. 2009 ). We found that FDY-vig2 322 double mutants were also viable and not sterile (Table S9) . 323
To test for more subtle fertility effects of FDY we measured fertility, fecundity and hatchability 324 of females mated to FDY males and corresponding control lines (Table S5) , as was done for 325 PRY. The Kruskal-Wallis Rank Sum test indicated a significant difference in the fecundity and 326 fertility of a single control allele, E. There was little variation observed between control alleles, 327 A and C, or the FDY mutant alleles ( Fig. S5B ,D,F). The control alleles were derived from flies 328 that were injected with guide RNAs for FDY but were negative for mutations in both the FDY 329 and vig2 locus, and therefore could contain off-target mutations, other CRISPR side-effects (see 330 below), or variants that are Y-linked. Regardless of its cause, the increased fertility of the outlier 331 allele (1) was not removed during out-crossing ( Fig. 1D) and (2) is not related to FDY. Table S7  332 includes the results of the Wilcoxon Rank Sum Tests to compare control and FDY, both with and 333 without the outlier. However, we base our subsequent conclusions and discussion on removal of 334 this outlier allele. Per-day fertility, fecundity and hatchability are plotted in Fig. 2B ,D,F and cumulative results are plotted in Fig. S6B ,D showing no significant differences (Table S7) in egg  336 or pupal counts between females mated to FDY or control males. FDY mutant males also had no 337 obvious effects on the variability of counts of eggs laid or pupae produced (Table S8 ). FDY may 338 yet have effects on fertility that are too subtle to detect or limited to stressful or competitive 339 contexts. 340
Y chromosome truncation is an artefact of FDY targeting by CRISPR 341
After injection with FDY sgRNAs, roughly 20% of F1 flies appeared to have a large truncation 342 of the Y chromosome that did not correspond to the intended deletion. We were able to visually 343 detect the resulting significant change in heterochromatin levels through an eye color marker -344 white mottled4 (w m4 )that was present on the compound ̂ in our BDC line. The marker is 345 intended to distinguish between females that carry a Y chromosome (suppressed variegation -346 induced by the sgRNAs at the FDY locus or an exchange between cut sites in FDY and vig2. In 374 either case, DNA segments attached to the centromere would be expected to be retained while 375 those distal from the break site would be expected to be lost. This peculiar artefact thus allows us 376 to infer that FDY is located on the long arm of the Y chromosome. Furthermore, it demonstrates 377 that the BDC background is a viable strategy for maintaining recessive sterile Y-linked 378 mutations.
WDY, ORY and CCY were genes identified by genome sequencing and mapped by PCR to the kl-381 1, ks-1, and ks-2 fertility factor intervals, respectively (Carvalho et al. 2001; Vibranovski et al. 382 2008, Table S1 ). While these are currently the only likely candidates in their respective interval, 383 less than ~50% of the sequence of the Y chromosome is currently known. Because the fertility 384 factor intervals are very large, e.g. ~1.2 Mb for ks-2 (Kennison 1983) , it remains possible that an 385 undiscovered gene in the region is responsible for the sterility phenotype. 386
We used our CRISPR strategy to create CCY mutants in order to test whether CCY is required for 387 male fertility. We used sgRNAs 3 and 4 to excise 554 bp of exon 1 (Fig. S3 ), removing a large 388 portion of a conserved region with homology to the SbcC, Coiled-coils, and MIT-CorA domains. 389
We observed a high level of sterility in the F0 generation (see Fig. 1B ,C for crossing scheme) 390 that could perhaps be dismissed as these flies were injected as embryos. Surprisingly, however, 391 we observed strong male-biased sterility in the F1 generation (see Fig. 1C ). 64.6% (82/127) of 392 F1 males inheriting the edited Y were sterile while only 6.7% (2/30) females were sterile. The 393 level of female sterility is not unreasonable for single fly crosses, but the level of sterility in 394 males is very striking. We did not notice significant sterility in F1 males when targeting any of 395 the other Y chromosome genes. The male sterility in the F1 generation is a dominant effect as all 396 of the F1 males have one wild-type copy of the Y from the ̂ (see Fig. 1C ). As a result of this 397 dominant sterility we were not able to establish or maintain lines of any CCY mutants. Although 398 F1 females with the CCY mutant Y chromosomes were fertile, the CCY mutant Y chromosomes 399 were only recovered in their sons (see Fig. 1B ), which were sterile, and not in their daughters. 400
In the F0 generation (see Fig. 1B ,C for crossing scheme) band-shifts were observed, indicating 401 deletion at both sgRNA sites. Although no band shifts were observed in F1 or later generations 402 of both sterile and non-sterile F1 flies, sequencing the region revealed the presence of several small insertion-deletions (indels) at one of the sgRNA sites. All of the indels we identified that 404 changed the coding sequence by a multiple of 3 (thereby preserving the coding frame) resulted in 405 non-sterile flies. In contrast, all of the indels we identified that were not a multiple of 3 (thereby 406 disrupting the coding frame) resulted in sterile flies (Table S10, Table 3 ). This may indicate that 407 an intact reading frame for CCY is necessary for male fertility. 408
We found no evidence of Cas9 cuts at sgRNA 4 past the F0 generation. To rule out off-target 409 effects specific to this sgRNA, we used a different 3' sgRNA -sgRNA 1, in another attempt at 410 making a CCY mutant. We again observed high levels of dominant male sterility. Although we 411
were able to retain one line with a 180 bp deletion, the deletion is in-frame, does not disrupt the 412
Coiled-coils or MIT-CorA domain, and therefore is unlikely to disrupt the protein's function in a 413 meaningful way. This single allele had no detectable effects on male fertility (data not shown) 414
and was not retained. 415
Knockdown of the predicted fertility factors in the testis causes sterility 416
As an alternate method to test the requirement of the predicted fertility factors in male fertility, 417 we crossed publicly available RNAi lines targeting each factor to Bam-Gal4, a germline-specific 418 driver (Chen and McKearin, 2003). A UAS-Dicer2 was present with the driver and presumably 419 boosted knockdown efficiency. We then tested the knockdown males for sterility. Knockdown of 420 all six predicted fertility factors resulted in sterile males, including kl-3, and kl-5, as expected, 421 and kl-2, ORY, WDY and CCY, as expected (Table 4 ). In particular three independent RNAi 422 constructs for WDY confirmed its requirement for male fertility. In contrast, knockdown of FDY 423 and PRY, which our CRISPR data showed to not be required for fertility, did not result in sterile 424 males (Table 4 ). We used RT-PCR to measure transcript levels in adult males after PRY 425 knockdown (Fig. S4B,C) . Although some transcript is detectable in the PRY RNAi line, more than 75% of the transcript is knocked down. We were unable to test the level of knockdown of 427 FDY, however, the absence of a detectable phenotype of FDY RNAi is consistent with that of the 428 CRISPR mutant. In summary, our RNAi results support the current assignment of fertility factor 429 genes. 430
The sensitivity of male fertility to the expression of fertility factor genes is striking. RNAi lines 431 often vary widely in the degree of knockdown they produce. However, each of the 8 RNAi lines 432 we tested caused 100% penetrance of male sterility (Table 4 ). Either these RNAi lines all 433 produce highly efficient knockdown by chance, or there is a strong dosage sensitivity for these 434 genes. 435
The role of CCY in spermatogenesis 436
Hardy and colleagues investigated defects of males with segmental deletion of ks-2 (Hardy et al. 437 1981) and found that they fail during sperm individualization. We tested whether knockdown of 438 CCY, the gene predicted to be responsible for the sterility of ks-2, also disrupted spermiogenesis 439 at the individualization stage. We expressed CCY RNAi in the testis with Bam-Gal4. Semi-440 quantitative RT-PCR demonstrated that CCY gene expression is reduced by more than 90% in 441 the testes of these knockdown males (Fig. S4F,G) . 442
Individualization involves an initial stage in which an actin-rich individualization cone forms 443 around spermatid heads, a middle stage where the cone begins to progress, and a final stage in 444 which cytoplasmic material and the individualization cone accumulate at the base of the of 445 spermatid cluster in a "waste bag" structure that is degraded (Fabrizio et al. 1998 ; Rathke et al.
control, although the mutant males are still fertile. An egg-laying defect is surprising given that 473 egg-laying is regulated by seminal fluid proteins from the accessory glands (Avila et al. 2011) . 474
Yet PRY has domain homology to polycystins which have been linked to sperm storage and 475 fertilization (Kierszenbaum 2004; Köttgen et al. 2011; Yang and Lu 2011) . Reduced sperm in 476 the female reproductive tract would result in reduced levels of the sperm-binding protein, Sex 477 Peptide, which stimulates egg production and egg laying (Chapman et al. 2003; Liu and Kubli 478 2003) . Identifying whether PRY defects occur in sperm production, transfer, motility, or storage 479 and how PRY regulates such processes will be the next step in understanding the function of this 480 gene. 481
We do not see a fertility defect in FDY mutants, though we have not tested the mutants in 482 cluster (Tsui et al. 2018) . FDY has a more limited tissue expression pattern than vig2. Testing 488 whether FDY is involved in chromatin regulation in cells where it is expressed will be an 489 important future direction as it may reveal a function for a Y-linked gene beyond fertility. 490
Statistical tests showed a significant difference in fertility and fecundity of one of the FDY 491 control alleles. This could be due to a rare variant in the parental stock that is represented in this 492 allele but not in any of the other control or FDY alleles. Alternatively, the outlier could be due to 493 an off-target or side-effect of CRISPR. Regardless of its source, the variation observed in the 494 single control allele is not present in the other two control alleles or in the three mutant alleles 495 and therefore cannot be related to FDY. We mention this outlier for the sake of transparency and 496 to highlight an important consideration for future studies -the importance of testing multiple 497 alleles of each genotype for phenotypic analysis of the Y chromosome in order to rule out false 498 positive effects on fertility. 499
Fertility factor genes and function 500
Our RNAi data suggest that all 6 genes previously proposed to be fertility factors (Carvalho et al. 501 2000 (Carvalho et al. 501 , 2001 Vibranovski et al. 2008 ) were correctly assigned. Furthermore, RNAi suggests that 502 the amount of product of these genes is relevant to their fertility function, rather than a structural 503 feature, such as a Y chromosome loop or intronic repetitive element. Three of the fertility factors 504 encode dyneins which are thought to be structural proteins of the sperm flagellum required for 505 sperm motility (Goldstein et al. 1982; Gepner and Hays 1993) , but the mechanism of the 506 remaining fertility factors is still unknown. Hardy et al. (1981) showed that segmental deletion of 507 several fertility factors led to defects in primary spermatocytes and spermatid failure at 508 individualization (Hardy et al. 1981) . We show, more specifically, that in CCY RNAi lines 509 spermatids fail during progression of the individualization complex. This may indicate that CCY 510 protein, either directly or indirectly, may affect cytoskeletal dynamics (Steinhauer 2015) . 511
CCY-targeting leads to dominant sterility 512
One of our most surprising findings is that targeting CCY leads to dominant male sterility. 513 Dominant sterility is rare, but is more common on the Y chromosome (Lindsley and Tokuyasu 514 1980) . The dominant sterility may be caused in several ways: (1) an off-site translocation, (2) 515 loss of CCY function, (3) the formation of an aberrant gain-of-function product, or (4) a genetic 516 interaction. 517
Kennison reported 50 Y-linked dominant male-sterile alleles after EMS and X-ray mutagenesis 518 (Kennison 1983) . He argued that the dominant sterility was the result of Y:autosome 519 translocations, similar to the dominant sterility caused by X:autosome translocations in Lifschytz 520 and Lindsley (1972) . Consistent with this idea, all 50 dominant alleles he examined showed 521 pseudolinkage with a visible autosomal marker (Kennison 1983) . He observed these dominant 522 sterile translocations with breakpoints on both the long and short arm of the Y. We can rule out a 523 translocation breakpoint in the target region of CCY in at least a subset of the sterile ̂Y * 524 mutants: double peaks indicate amplification and intact sequences in both the single Y 525 chromosome and the compound Y chromosome. However, we cannot rule out translocations in 526 other Y-linked regions of these mutants or in other mutants. The idea that Y:autosome 527 translocations may cause defects in spermatogenesis is interesting and has not been investigated. Another explanation for the dominant sterility is the creation of an aberrant "dominant negative" 541 or antimorphic product. Dominant sterility was seen with frame shifts of both +1 and +2 base 542 pairs, making it unlikely that an aberrant product arises from an alternative reading frame. 543
Rather, it may arise from an alternative start site of the main coding frame resulting in a 544 truncated RNA or protein product that may be toxic. Antibodies to the C-terminus of the protein 545 may be able to detect such a product. We do not favor this explanation as antimorphic mutations 546 are generally considered to be rare, whereas Kennison observed dominant sterility at a high 547 frequency and on both arms of the Y chromosome (Kennison 1983) . 548
Finally, apparent dominant sterility could be caused by a genetic interaction, such as between a 549 lesion in CCY and a rearrangement associated with the ̂ chromosome. Genetic interactions 550 between a Y-duplication and X-deletion (Rahman and Lindsley 1981) and between a Y-551 autosome translocation and a X-deletion (Lindsley and Tokuyasu 1980) were previously shown 552 to cause sterility. 553
An entirely different strategy would be required to maintain lesions that result in dominant 554 sterility in order to study their mechanism. Because we used a compound ̂ chromosome in our 555 strategy, there was no way to maintain the Y chromosome in females. A strategy like that of 556 Kennison (1983) , that allows the Y chromosome to be maintained in the female line is necessary. 557
Although we were not successful in maintaining a CRISPR mutant of CCY, our data provide 558 strong evidence that an intact CCY coding frame is required for male fertility. 559
Truncation at the FDY locus 560
Large Y chromosome truncations appear to form regularly upon double-strand breaks at the FDY 561 locus. This may indicate a deficit in double-strand break repair at the FDY locus or could be 562 caused by translocation between FDY and vig2. Because of the extremely high sequence 563 similarity between these genes, our sgRNAs are expected to cut at both sites. The expected 564 translocation would replace most of the long arm of the Y chromosome with a small segment of 565 the third chromosome. The reciprocal translocation would replace most of 3R with the long arm 566 of the Y chromosome and would be expected to be rapidly lost. If this explanation is correct, it 567 may indicate a method for reproducibly creating specific translocations. Indeed Lynagh and 568 colleagues showed that Cas9-induced breaks in non-homologous chromosomes can induce 569 translocations in Arabidopsis (Lynagh et al. 2018 ). Aside from the mechanism of formation of 570 these truncations, the consistent pattern of loss of several long-arm Y chromosome sites in the 571 truncations suggests that FDY is located on the long arm of the Y chromosome proximal to these 572 sites. Importantly, our ability to maintain these truncations in our BDC background demonstrates 573 that our strategy for retaining recessive sterile Y-linked mutations works reliably. 574
575
CONCLUSIONS 576
Our work demonstrates that the Y chromosome harbors important fertility regulators beyond the 577 six previously identified fertility factors, expanding our understanding of the role of the Y 578 chromosome in regulating male fertility. We devised a strategy for creating and retaining 579 recessive sterile mutations on the Y chromosome. However, we encountered several challenges 580 in using this strategy to target specific genes, including dominant sterility and truncation of the Y 581 chromosome. These challenges are indicative of the poor current understanding of the biology of 582 this gene-poor, repeat-rich, and highly heterochromatinized chromosome. Despite its mysterious 583 biology, the Y chromosome is not just a genetic anomaly. It plays a vital role in male fertility, 584 adaptation, speciation and genomic conflict and is therefore an important key to better 585 understanding evolutionary processes. [a] INDELS on the free Y in ̂ males resulted in double peaks on sequence traces. A subset of flies, both sterile and non-sterile, had no double peaks and therefore no recognizable lesion. 
